Foot-and-mouth disease virus (FMDV) A22 Iraq 24/64 adapted to grow in BHK monolayer cells induced antibodies which neutralized many isolates belonging to the A serotype. Plaque-purified virus isolated from this stock also induced broadly reactive antibodies, showing that this property is not due to the combined response to a mixture of variants in the original stock virus. However, viruses obtained by passage in suspension BHK cells of either the monolayer cell-adapted virus or a virus cloned from this stock resulted in the selection of virus which induced antibodies with highly specific neutralizing activity. In addition to their antigenic properties the monolayer and suspension cell-adapted viruses could be distinguished by plaque morphology, tendency to aggregate and ability to attach to BHK cells. Monoclonal antibodies (MAbs) induced with the plaque-purified monolayer-adapted virus had neutralizing activity almost as broad as polyclonal serum, showing that this property can be represented by a single epitope on the virus. These neutralizing MAbs recognize a trypsin-sensitive epitope on the virus. Surprisingly, sequence analysis of the structural protein-coding regions of the genomic RNAs of monolayer and suspension celladapted viruses showed no amino acid differences in VP1, the protein known to contain the major neutralization epitope in FMDV and to be the only protein susceptible to cleavage by trypsin in the virus particle. Although three coding differences were found in the capsid protein these were all located in VP2.
INTRODUCTION
Foot-and-mouth disease virus (FMDV) (family Picornaviridae, genus aphthovirus) is the causative agent of one of the most economically important diseases of domestic livestock. All cloven-hoofed animals are susceptible to the disease, but cattle and pigs are the most important hosts. The disease is characterized by rapid spread and considerable morbidity, approaching 100% in non-immune populations. Control is achieved by zoosanitary measures and slaughter in areas normally free from the disease or by vaccination in endemic areas. Vaccines are prepared from chemically inactivated virus and protection is afforded by the induction of high levels of humoral antibody. In endemic areas it is usually necessary to vaccinate livestock two or three times annually to maintain protective levels of immunity. The scale of the problem posed by the disease is reflected in the fact that approx. 2 x 109 doses of monovalent vaccine are used annually throughout the world.
Although current vaccines are effective, their production and use are complicated by the antigenic diversity of the virus. There are seven distinct serotypes distributed unevenly throughout the world and in most areas vaccines to two or more serotypes are required. Furthermore, there is sufficient antigenic variation within serotypes to necessitate careful selection of the virus strain most suitable for the local situation in which a vaccine is to be used; this is particularly true with viruses of the A serotype (Rweyemamu, 1984) . In this work we have studied the effects of variant selection that occurs when a virus isolate (A2z Iraq 24/64) which has been adapted to grow in BHK monolayer ceils is then adapted to culture in suspension cells. After passage in monolayer cells this virus induces antibodies which neutralize a wide range of related field isolates. In fact, many of the more recent field strains of virus can be related to each other antigenically by their sensitivity to neutralization by A22 Iraq 24/64 antiserum . Therefore this virus has highly desirable antigenic characteristics as a vaccine strain. The effects of host cell selection on these properties by adaptation to suspension ceils are consequently of particular importance because most vaccines are produced from viruses grown in these cells.
METHODS
Viruses. Virus of serotype A22, strain Iraq 24/64 isolated from cattle during an outbreak in Iraq in 1964 (Arrowsmith, 1975) , was used after two passages in primary pig kidney and 13 passages in BHK-21 monolayer ceils (virus stock 162) and after adaptation to growth in suspension cells by a further three passages in spinner culture (virus stock 148). Viruses were cloned from these stock samples by the method described by Parry et al. (1978) . Briefly, single virus plaques from BHK monolayers grown under agar were picked and passaged in BHK monolayer cells under liquid medium. Plaque selection was repeated twice more to produce the cloned virus stocks 162-154 and 148-173. The cloning method is summarized in Fig. 1 . The cloned viruses were stored in 50 ~ glycerol at -20 °C as stocks for two-dimensional microneutralization tests (Rweyemamu et aL, 1978) . Four other viruses belonging to serotype A, from outbreaks occurring between 1970 and 1980, were prepared as above. Two further viruses, a plaque isolate from A12 119 virus designated Al 2 119C (Rowlands et al., 1983) and an isolate belonging to serotype O from the British outbreak in 1967, were also used.
Radioactively labelled viruses were produced by infecting BHK monolayers with 162-154 or 148-173 at high m.o.i. The inocula were replaced with methionine-free Eagle's medium containing 100 I~Ci of carrier-free [35S]methionine (1200 C i/mmol; Amersham) at 2 h post-infection (p.i.). The viruses were harvested when c.p.e. was complete, and purified by the method of Brown & Cartwright (1963) .
Cells. The following lines of BHK cells were used: BHK monolayer cells (Macpherson & Stoker, 1962) ; BHK (CZ), which were derived from BHK monolayer cells by adaptation to growth in suspension culture (Cooper Zeltia, Spain); BHK (Pan Am), obtained from the Pan American Foot and Mouth Disease Centre (Rio de Janeiro, Brazil). The BHK (Pan Am) cells can be grown in either monolayer or suspension culture with no previous adaptation process.
Vaccines. Vaccines were prepared from virus inactivated with binary ethylenimine (Bahnemann, 1973) and purified as described by Brown & Cartwright (1963) . Trypsin-treated vires was prepared by adding the enzyme to a final concentration of 10 l~g/ml for each virus suspension and incubating at 37 °C for 30 min before final sucrose gradient centrifugation.
Guinea-pigs were inoculated intramuscularly (i.m.) with purified virus samples emulsified with equal volumes of incomplete Freund's adjuvant (IFA). The animals were boosted 35 to 42 days later, again with IFA as adjuvant, and blood was collected after a further 21 days.
Monoelonal antibodies (MAbs) . Hybridoma cells were produced by the methods described by McMaster & Williams (1979) and Ouldridge et al. (1984) . BALB/c mice were inoculated i.m. with inactivated virus emulsified with an equal volume of IFA. The animals were boosted at 42 clays p.i. with virus and the spleens were removed 3 days later for fusion with NS1 myeloma cells. Supernatant fluids from culture plates were screened for virus antibodies by sandwich ELISA and neutralization assay. Individual colonies were picked from positive wells and cloned by the limiting dilution method. Cloned cells were cultured at 37 °C for 10 days to produce high titre MAb supernatants. MAb c/asses were determined with a mouse antibody typing kit (Serotec, Oxford, U.K.). The kit distinguished IgG1, IgG2, IgG3, IgM and IgA antibodies.
Two-dimensional microneutralization assay. The method was used as described by Rweyemamu et al. (1978) . Briefly, serial half log10 dilutions of virus were titrated against serial doubling dilutions of antiserum. Monolayer cells were used to titrate infectious virus. Titres are expressed as the log10 reciprocal dilution of serum giving 50~ neutralization of 100 TCIDso of virus (log10 SNs0/100 TCIDso ). The serological relationship between pairs of viruses with an individual antiserum or MAb is expressed as the ratio r = heterologous neutralization titre/homologous neutralization titre. ELISA. Antiviral activity of MAb preparations was tested either by an indirect ELISA (Ouldridge et al., 1982) in which virus antigen was bound electrostatically to flexible PVC microtitre plates using a carbonate coating buffer (15 mM-NazCO3, 35 mM-NaHCO3) or by a sandwich ELISA (Ouldridge et al., 1982) in which virus antigen was captured by rabbit antiviral antibody bound to the plates. After washing the plates with phosphate-buffered saline (PBS) 'A' buffer containing 0.05~o Tween 20, serial doubling dilutions of MAb in the range 1/10 to 1/1280 were made in wash buffer plus 1 ~ bovine serum albumin and applied at 50 ktl/well. The plates were incubated at 37 °C for 1 h, then rewashed and dried. Fifty Ixl of 1/2000 anti-mouse antibody conjugated to horseradish peroxidase (Miles Laboratories) was added to each well and the plates were reincubated at 37 °C for 1 h. After final washing 50 ktl of o-phenylene diamine/peroxidase substrate solution was added to each well and, following colour development, the reaction was stopped by the addition of 12-5 ~ sulphuric acid. Absorbance values were read on a Titertek Multiskan spectrophotometer at 492 nm. ELISA titres are expressed as the log10 reciprocal antiserum dilution required to produce 50 ~o of the maximum absorbance plateau value compared with a negative standard (1/10 dilution of supernatant from a non-immunized hybridoma).
Competition ELISA was performed as described by Parry et al. (1985) . Briefly, serial dilutions of competitor antigen were reacted with a pre-optimized dilution of MAb before adding to the ELISA plate. Results are expressed as the concentration of antigen required to reduce the ELISA titre of the MAb by 50~.
Virus attachment to cells. Monolayer cells were detached from plastic flasks with 2 mM-EDTA, centrifuged and resuspended in PBS plus 1 ~ serum. Suspension cells were suspended in the same medium. Aliquots of cell suspensions containing l0 s cells/ml were mixed with 50 txl samples of 3sS-labelled virus and maintained in suspension at 4 °C. Aliquots of the cell/virus mixtures were removed at intervals up to 60 rain. The samples were centrifuged and the cells washed twice in PBS, 1 ~ serum. The combined supernatants were precipitated with TCA and filtered through glass fibre discs. The cell pellets were dissolved in formic acid and dried onto glass fibre discs. Radioactivity on the dried discs was measured by scintillation counting. Attachment was expressed as the percentage of counts in the cell fraction compared with the total counts in the ceils plus supernatant.
Cloning and sequencing of viral RNA. Virus growth and RNA extraction were as described previously (Clarke et al., 1985) . Sequencing was carried out by the primer extension/dideoxynucleotide chain termination method directly from virus RNA (Caton et at., 1982) using 2 Ixg RNA and synthetic deoxynucleotide primers located at intervals through the structural protein coding region, based on the previously published data for the Al0 virus serotype (Carroll et al., 1984) . In parallel, recombinant clones were constructed using a synthetic oligonucleotide primer from the 2A region of the genome which had previously been used for primer extension sequencing (Rowlands et at., 1983) . First-strand cDNA synthesis was performed as described by Rowlands et al. (1983) and second strand synthesis was by standard methods (Maniatis et at., 1982) . Double-stranded cDNA was digested with either Accll, RsaI or Sau3A and cloned into Sinai-or BamHI-digested M13mpl 1 (Messing & Vieira, 1982) using Escherichia coli JM101 as host. DNA sequencing of these clones was carried out by the dideoxynucleotide method (Sanger et at., 1977) .
RESULTS

Growth of monolayer and suspension cell-adapted viruses in different cells
The growth of plaque-purified viruses derived from monolayer-adapted (virus 162-154) or suspension cell-adapted (virus 148-173) stocks was compared in several cell types. The 148-173 virus grew equally well in monolayer cells, suspension-adapted CZ cells and Pan Am cells cultured either in suspension or as monolayers. However, the 162-154 virus grew well only in monolayer cells and in Pan Am cells grown as monolayers (Table 1 ). This result is particularly interesting since it shows that phenotypic differences in the cells induced by culture conditions alone are sufficient to alter their susceptibility to this virus.
Monolayer or suspension cell-adapted viruses produce different size plaques
Both uncloned monolayer cell-(162) and suspension cell-adapted (148) viruses produced a range of plaque sizes, but both the mean and maximum plaque diameters were significantly greater (Student's t-test) for the 162 virus (Table 2) . Triple-cloned representatives from each of 
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these stocks displayed the same characteristics except that the mean plaque diameter of the cloned monolayer virus (162-154) was significantly greater than that of the uncloned stock (Table 2) .
Aggregation properties of monolayer and suspension cell-adapted viruses
In attempts to purify the monolayer and suspension cell-adapted viruses it was consistently found that most of the suspension cell-adapted virus was lost in the final sucrose gradient centrifugation step. Radiolabelled viruses were therefore purified with or without treatment with trypsin, which is known to cleave VP1 of FMDV particles and to prevent particle aggregation. As indicated in Table 2 trypsin treatment resulted in a great improvement in the recovery of suspension-adapted virus but had little effect on monolayer-adapted virus. It thus appears that the 148 virus has a great tendency to aggregate, a feature shared with other suspension cell-adapted FMDV strains (Cowan et al., 1974; Parry et al., 1978) .
Attachment of monolayer and suspension cell-adapted viruses to BHK cells
Radiolabelled preparations of the cloned monolayer (162-154) or suspension (148-173) celladapted viruses were mixed with suspension cells or with monolayer cells as described in Methods. The amount of virus attached after various times was assessed by measuring the radioactivity associated with the cells and that present in the supernatant. As can be seen in Fig. 2 the 148-173 virus attached rapidly and efficiently to both cell types. In contrast the 162-154 virus attached more slowly and to a lesser degree to monolayer cells and was even less well adsorbed by suspension cells.
Serological spectra of antisera against monolayer or suspension cell-adapted viruses
It had previously been shown that the 162 virus can induce antibodies capable of neutralizing a wide range of field strains of serotype A virus . Since some isolates of FMDV have been shown to contain antigenically distinguishable variants (Rowlands et al., 1983) it was of importance to determine whether the broadly cross-reactive antibody response induced by the 162 virus could be attributed to an individual virus cloned from the stock or to the composite responses to a variety of antigenic variants present in the virus harvest. The results (Table 3) show that sera raised against the uncloned 162 or the cloned 162-154 viruses had :~ + + + +, 3-00 to 4.0 log1 o I(; + + +, 2-0 to 2-9 log 1 o g-; + +, 1 to 1-9 log1 o K; + / -, very weak reaction; -, no specific reaction. Loglo I( is the logto dilution of antibody that produced an absorbance 50~ that of the maximum value .
identical cross-neutralization activities with the field strains used, indicating that broad serological cross-reactivity is not the result of a mixture of variants present in the original virus. The results in Table 3 also show that the uncloned 148 virus induced antibodies which had much more restricted cross-neutralizing activity and that antisera to 148-173 virus was even less crossreactive, efficiently neutralizing only the 148 and 148-173 viruses. Clearly, adaptation to growth in suspension cells had resulted in a concomitant selection of virus with significantly altered antigenic properties.
Properties of MAbs to cloned monolayer cell-adapted virus 162-154
Mouse MAbs were produced against 162-154 virus in order to examine further the antigenic features responsible for the highly cross-reactive responses induced by this virus. A total of 12 hybridomas secreting antibody which recognized the virus were selected by ELISA screenings, 10 of these neutralized the virus. The antibody classes and subclasses of these antibodies and their specificity for homologous and heterologous antigens are given in Table 4 . The apparent 1.00 > 1.00 > 1.00 > 1-00 > 1.00 0.52 < 0-08* 1-00 > 1.00 > 1-00 > 1.00 > 1.00 0.56 <0.13" 1.00 > 1-00 > 1.00 > 1.00 > 1.00 <0-15" <0.05* 1.00 > 1-00 0.60 0.95 > 1-00 < 0.10" < 0-02* 1-00 > 1-00 0-68 > 1.00 > 1.00 <0-13" <0.08* 1-00 0-38 0-54 > 1.00 0-79 <0-10" <0-02* 1.00 > 1.00 < 0.02* > 1.00 0.02* > 1.00 < 0.02* 1.00 <0.11" <0.11" <0-11" <0.11' <0.11" <0-11' * Indicates r values < 1.00 at P = 0.01. low activity of the two IgM antibodies in ELISA is probably an artefact due to high non-specific background reactions. It is interesting to note that the two antibodies that had no neutralizing activity showed strong reactions with viruses of different subtype and serotype. However, there was some cross-subtype reaction with three of the neutralizing MAbs.
The major immunogenic site on VP1 of FMDV is susceptible to cleavage with trypsin (Wild et al., 1969; Strohmaier et al., 1982) and a competition assay was used to determine the effect of trypsin cleavage of 162-154 virus on its recognition by the MAbs. The MAbs were mixed with dilutions of intact or trypsin-treated virus and residual reactivity with intact virus was assayed by sandwich ELISA. Table 5 lists the concentrations of virus or trypsin-treated virus required to reduce the antibody reaction with virus attached to the ELISA plate via a trapping antibody by 50~. Trypsin-treated virus reacted in competition tests with only two of the l0 neutralizing MAbs and even with these the competition was considerably less than that seen with intact virus. It can be concluded from these results that the neutralizing MAbs recognize epitope(s) sensitive to cleavage by trypsin. Both of the non-neutralizing antibodies could be competed for by trypsin-treated virus but again the competition was less than that obtained with native virus particles.
Serological spectra of MAbs to 162-154 virus
The neutralizing activity of eight of the MAbs against a range of field isolates was determined by the microneutralization test and the results are expressed as r values in Table 6 . Six of the MAbs neutralized a range of A2E viruses and two neutralized all the viruses tested except A Pakistan 8/70. Although mouse polyclonal serum neutralized this virus, none of the MAbs did. The IgM MAb tested had a very narrow spectrum and neutralized only homologous virus. 
iii0 1140 1170 GAC GAA GGG AAA CCG UAC GUU GUG ACA AGA ACG GAC GAG CAG CGU CUU CUG GCC AAG UUC GAC GUC UCU CUU GCU GCA AAG CAC AUG UCA Fig. 3 . Nucleotide and amino acid sequence of the structural protein region of plaque-purified, monolayer cell-adapted A22 Iraq 24/64 virus. These results show that the broadly cross-reactive antibodies elicited by the 162-154 virus can be largely accounted for by a single epitope on the virus particle surface. With the possible exception of antibodies capable of neutralizing A Pakistan 8/70, it is not necessary to envisage multiple antibodies against a range of epitopes on the virus to account for the cross-reactivity.
Amino acid sequences of the structural proteins of 162-154 and 148-173 viruses
Because of the significantly altered antigenic properties of the monolayer-and the suspensionadapted viruses we determined the sequences corresponding to the structural protein-coding region of each virus to determine whether the antigenic variation could be ascribed to sequence variation. Initially, we expected to detect sequence variation in the region of VP 1 corresponding to the major antigenic site of the virus (amino acids 141 to 160) and primer extension sequencing experiments were performed as previously described (Rowlands et al., 1983) . However, we did not detect any amino acid changes between the viruses in this region. We therefore determined the nucleotide sequence for the entire structural protein-coding region for each virus by a combination of direct primer extension sequencing and from cDNA libraries cloned into M 13. The sequence of virus 162-154 is shown in Fig. 3 . This is the third complete structural gene sequence for the A serotype of FMDV (Carroll et al., 1984; Robertson et al., 1985) . The differences we observed between the two viruses are shown in Table 7 . As expected the genomes were very similar with only 12 nucleotide substitutions throughout the region, giving a homology level of 99-5~. Furthermore, most of the changes were silent and only three led to amino acid substitutions. Surprisingly, these changes were all located in VP2 at positions 82, 88 and 207.
DISCUSSION
The majority of commercial FMD vaccines are produced from viruses grown in cells in deep suspension culture and the ability to replicate to high titre in this system is a necessary requirement of any virus that is to be used for vaccine production. In addition a good vaccine virus should elicit antibodies of high titre which can neutralize as broad a range of field virus strains as possible. In this study we have examined the effects of adaptation to growth in suspension cells on a number of properties, including its antigenic characteristics, of a broadly cross-reactive vaccine strain, A:2 Iraq 22/64. This virus grows well in monolayer cells and vaccines produced from it elicit antibodies capable of efficiently neutralizing a wide range of field viruses collected over many years.
Our results show that adaptation to growth in suspension cells exerts a powerful selection for a virus with altered characteristics. These include a marked difference in the average plaque size produced by the monolayer (stock 162) or suspension (stock 148) cell-adapted viruses when plated onto monolayer cells, the 148 virus producing much smaller plaques. The plaques produced by virus 162-154, which was cloned from the 162 stock, had a greater average diameter than those from virus 162, suggesting that a small plaque-producing population was present in the uncloned stock. The existence in the 162 virus of a small plaque variant capable of growing well in suspension cells is also indicated from the results of attempts to adapt the 162-154 virus to grow in suspension cells. This proved to be far more difficult than adaptation of uncloned 162 virus but the properties of a suspension cell-adapted virus that was eventually obtained were similar to those of 148 virus (results not shown).
The 162 and 148 viruses also showed marked differences in their tendency to aggregate during purification. The 162 virus could be purified by sedimentation through sucrose density gradients with little or no loss due to aggregation whereas most of the 148 virus pelleted at the bottom of the tube. Following treatment with trypsin, which prevents aggregation of FMDV, the 148 virus sedimented as monomeric particles at 140S. Both small plaque size and particle aggregation have previously been reported as characteristics of tissue culture-selected variants of FMDV (Parry et al., 1978) and poliovirus (Totsuka et al., 1978) .
The features of monolayer and suspension cells responsible for selection of viruses with such markedly different characteristics are not known. However, BHK (Pan Am) cells, which can be grown in monolayer or suspension culture, were permissive for the replication of 148 virus when grown in either way but supported the growth of 162 virus only when cultured as monolayers. Thus phenotypic changes in the cells resulting from their culture conditions can account for the differences in virus growth. It is tempting to suggest that features at the cell surface associated with virus attachment and penetration may be involved and it is of interest that the 148 and 162 viruses showed markedly different properties in cell attachment assays. The 148 virus attached very efficiently to both monolayer and suspension cells whereas the 162 virus attached poorly to monolayer cells and even less well to suspension cells.
The most important feature of the selection of viruses capable of growth in suspension cells was the concomitant change in antigenic properties. The 162 virus is an ideal vaccine strain because it induces antibodies capable of neutralizing a wide range of field viruses as effectively as they neutralize the homologous virus. In contrast the 148 virus induced antibodies with much more restricted cross-neutralizing activity. These differences were seen consistently in several separate suspension cell adaptation experiments and appear to be an inevitable consequence of the selection process.
Previous studies have shown that FMDV isolates may contain mixtures of viruses with different antigenic properties (Rowlands et al., 1983) and it is conceivable that the broad spectrum response induced by the 162 virus is due to the combined specificities of a number of variants present in the virus stock. However, a virus (162-154) cloned from the 162 stock induced a response as cross-reactive as that produced by the parental virus, showing that broad spectrum antigenicity in this case is the property of a single homogeneous virus population.
The antigenic characteristics of 162-154 virus were further examined with the aid of MAbs. Of the 12 virus-reactive MAbs isolated, 10 neutralized the virus and of these two were class IgM and the remainder were class IgG2. Previous reports have described neutralizing MAbs of IgG2 and IgG3 subclasses for FMDV A12 Baxt et al., 1984) and IgG1 and IgG2 for FMDV Ol (Stave et al., 1986; P. Barnett, unpublished data) . The significance, if any, of the differences in subclasses of MAbs to different serotypes of FMDV is unknown.
The major antigenic determinant of FMDV responsible for eliciting neutralizing antibodies has been located on the VP1 protein within the sequence of amino acids 141 to 160 (Bittle et al., 1982; Pfaff et al., 1982; Strohmaier et al., 1982) . Amino acids at the C terminus of the protein have also been implicated and studies with MAbs to a virus of the O serotype of FMDV suggest that the two regions of the protein together form a conformational epitope on the virus surface (Parry et al., 1985; Morrell et al., 1987) . Different FMDV isolates contain a variety of trypsin-sensitive residues within these sequences but in all cases enzyme treatment of intact virus particles results in cleavage of VP1 in these regions. However the precise location of the cleavages depends on the sequence of the particular virus and the amount of enzyme used (G. Fox, personal communication). In competition ELISA, trypsin-treated virus reacted poorly with the 162-154 MABS suggesting that they recognized those regions previously shown to be of major importance ir~FMDV.
The method by which FMDV particles are immobilized onto a solid phase has been shown to influence their reactivity with antibodies in ELISA greatly. Direct binding to the plastic surface (indirect ELISA) exposes epitopes not present on the surface of'native' virus particles and can prevent binding of antibodies recognizing conformational epitopes (McCullough et al., 1985) . However, immobilization of virus via a capture antibody bound to the solid phase (sandwich ELISA) does not result in such marked conformational changes. The non-neutralizing MAbs reacted more strongly with 'distorted' virus in the indirect test, particularly with viruses of heterologous subtype or serotype. However, all of the IgG2 neutralizing MAbs reacted as well, or nearly as well, in the sandwich ELISA as in the indirect ELISA suggesting that the epitope(s) they recognize is fully exposed on native virus and is not strongly conformationally constrained. Problems of non-specific background binding made analysis of the properties of the IgM MAbs impossible.
The MAbs could be separated into four groups on the basis of their ability to cross-neutralize a panel of field viruses. The IgM MAbs were unique in having a very narrow spectrum and only significantly neutralized the homologous 162-154 virus. However, the IgG MAbs were all able to neutralize heterologous virus and two neutralized all the viruses tested with the exception of A Pakistan 8/70. Thus broad spectrum immunogenicity can be attributable to a single epitope on the virus particle.
The tentative conclusion reached here that broadly cross-reactive antibodies recognize a single antigenic site in the trypsin-sensitive region of VP1 is substantiated and refined in the accompanying paper (Bolwell et al., 1989) . Surprisingly, however, the sequences of the narrow spectrum 148-173 virus and the broad spectrum 162-154 virus are identical throughout VP1. In fact the only sequence differences identified throughout the structural proteins of these two viruses are three substitutions in VP2. It is concluded that these substitutions exert a profound effect on the major antigenic site region of VP1 and also result in altered cell attachment and aggregation.
Comparison of the sequence of A22 with that of A10 (Carroll et al., 1984) , shows that the changes at positions 82 and 88 are located in a position of high variability in VP2. This implies that this region does not play a crucial role in the structural integrity of the particle but can clearly profoundly influence the biological and immunogenic properties of the virus. Indeed, the atomic structure of FMDV, serotype Oa has recently been resolved (R. Acharya et al. unpublished data) and from the model we predict that amino acid 207 of VP2 of the A22 virus is buried within the protein structure. However, both the other substituted amino acids are located at the surface of the virus near the major antigenic loop with amino acid 82 of VP2 lying adjacent to amino acid 135 of VP1.
Although this is the first complete structural sequence available for the Az2 subtype, partial sequence data limited to the VP1 protein have been reported previously Onischenko et al., 1986) . Comparison of these sequences with those reported here is interesting in several respects. It is clear that the two viruses sequenced previously (isolated in U.S.S.R., 1965) are extremely closely related, having 99-5~ homology at the nucleotide level. Secondly, the two virus sequences reported here, although very closely related, are slightly different from the U.S.S.R. viruses (97 ~ homology). However, the four sequences are so similar that it is likely that the viruses isolated in Iraq in 1964 and in the U.S.S.R. in 1965 have the same origin. The monolayer virus 162-154 has greater similarity than the suspension virus to the U.S.S.R. viruses at the nucleotide level, suggesting that the 162-154 virus isolated in Iraq was the major infectious agent responsible for the outbreak leading to the U.S.S.R. viruses and that the 148-173 virus was a minor component of the isolate which was selected by adaptation to suspension cell growth.
The failure to adapt the 162 virus to grow in suspension cells is an example of a basic difficulty in the production of FMD vaccines. Similar problems have been encountered with the culture of influenza virus for vaccine purposes in eggs (Schild et al., 1983) . However, the breadth of the antigenic spectrum is only one attribute of a vaccine strain virus since a highly immunogenic vaccine can induce levels of cross-reactive antibody sufficient to be effective against heterologous challenge even though the titre may be much lower than against the homologous virus.
Vaccines prepared from A22 Iraq 24/64 virus grown in suspension culture induced very high levels of neutralizing antibody both in guinea-pigs and cattle, and this favourable property counterbalances the reduced ability of the antibody induced to neutralize heterologous strains of virus. Because of these findings, we have now reviewed our methods for the selection of vaccine viruses, emphasizing the importance of the SNs0 value.
